Spellbound: Mechanisms of Caspase Aggregation
Upon their ligation, death receptors such as Fas and the TNF receptor-1 (TNFR1) recruit and oligomerize adaptor proteins and procaspases. FADD, which contains a DED, is recruited directly to ligated Fas (and indirectly to ligated TNFR1), resulting in the recruitment and autoactivation of caspase-8. Similarly, the adaptor protein RAIDD (which has a CARD domain) associates with TNFR1 and thus may promote aggregation and activation of procaspase-2. Another adaptor, CARDIAK/RIP2, binds via CARD-CARD interactions to procaspase-1, possibly leading to activation.
A related but different way that adaptor proteins function to activate caspases is seen in the case of Apaf1, a mammalian homolog of the C. elegans protein CED-4. In the nematode, it appears that CED-4 promotes developmental cell death by binding to the procaspase CED-3. CED-3 autoactivation then occurs, probably via aggregation or ATP-driven conformational changes in CED-4. Similarly, Apaf1 can bind the prodo- minal WD repeat domain of Apaf1 eliminates the requirement for cytochrome c, leading to the idea that cytochrome c activates Apaf1 function by binding to this Pathway Cross-Talk: Sorry, Wrong Number region (Srinivasula et al., 1998) , although this has not
The two basic pathways depicted in Figure 1 make prebeen formally demonstrated. The truncated Apaf1 actidictions about how apoptosis is regulated under differvates caspase-9 but apparently does not release it, raisent circumstances. Anti-apoptotic Bcl2 family proteins ing the possibility that conformational changes (perhaps (e.g., Bcl2, BclX L) bind to mitochondria and inhibit the ATP dependent?) may play additional roles in the funcrelease of cytochrome c (Kluck et al., 1997 ; Yang et tion of this apoptosome. This cytochrome c/Apaf1 pathal., 1997). Therefore, apoptotic signaling via the death way and the death receptor pathway discussed above receptor pathway should be resistant to Bcl2. However, both converge on the activation of the downstream caspases (see Figure 1) . it seems that Bcl2 and BclX can interfere with Fas-and While procaspase aggregation and transactivation TNFR-mediated apoptosis in cells in which Fas/FADD/ appear similar in both cases (death receptors versus procaspase-8 recruitment is inefficient (Scaffidi et al., Apaf1), the involvement of cytochrome c introduces a 1998). Since Fas and TNFR ligation is associated with fundamental difference. Only cytochrome c that has release of cytochrome c, it seems likely that cytochrome been assembled in the mitochondria (i.e., with the c release is important in those cases where Bcl2 interattached heme) functions to activate Apaf1 (Yang et al., feres with death. This raises the possibility of cross-talk 1997), and thus mitochondrial release of cytochrome c between the pathways, such that caspase-8 activates appears to be critically involved in Apaf1 function.
caspase-9 via the mitochondria. What triggers the release of cytochrome c? In most Recently, a mechanism for such cross-talk was procases the release of cytochrome c proceeds indepenvided. Bid, a proapoptotic member of the Bcl2 family, dently of caspase function (Bossy-Wetzel et al., 1998) .
is directly cleaved by caspase-8 and the C-terminal fragThe effect may or may not be associated with a drop in ment acts on mitochondria to trigger cytochrome c reinner mitochondrial membrane potential corresponding lease (Li et al., 1998; Luo et al., 1998) (Figure 2 ). Depletion to the opening of the inner membrane permeability tranof Bid from cytosolic extracts disrupts the ability of sition (PT) pore complex (Green and Reed, 1998) . The caspase-8 to trigger cytochrome c release in vitro. But proapoptotic Bcl2 family member Bax can directly cause is this an important mechanism whereby caspase-8 actimitochondria to release cytochrome c (Jurgensmeier et vates downstream caspases? In Xenopus cytosolic al., 1998). Bax shuttles from its cytoplasmic location to extracts, the ability of small amounts of caspase-8 to the mitochondria upon induction of apoptosis (Wolter trigger activation of a caspase-3-like activity was depenet al., 1997). The ability of some Bcl2 family proteins, dent on the presence of mitochondria (Kuwana et al., including Bax, to form ion channels has fostered the 1998). This suggests the possibility that caspase-8 idea that these proteins open pores or produce breaks cleaves and activates Bid more efficiently than procasin the outer mitochondrial membranes, allowing exit of cytochrome c.
pase-3, and in doing so enlists the cytochrome c/Apaf1
pathway to amplify the caspase-8 function. In the abIt is important, however, that these caspase knockouts did not accurately mimic the Apaf1 knockouts. This sence of mitochondria, caspase-8 processes procaspase-3 with identical kinetics whether or not cytosol is indicates that either Apaf1 can act via a caspase other than procaspase-9, or that it plays additional roles bepresent (Stennicke et al., 1998) , and thus other caspases do not effectively serve as intermediates or amplifiers yond that of execution. The latter is unlikely, however, since all of the embryonic defects examined correof caspase-8 activity. Presumably it is only in those cells where the mitochondrial amplification loop is important sponded to a lack of apoptosis (Cecconi et al., 1998; Yoshida et al., 1998) . The idea that another caspase may that antiapoptotic Bcl2 family members can suppress Fas/TNFR-induced apoptosis (see Figure 2) . substitute for procaspase-9 in many cells is appealing, but currently none of the other caspases appear to be Double Indemnity: Redundancy in Apoptotic Pathways activated by Apaf1 (Srinivasula et al., 1998). We might predict, though, that the prodomain of this replacement How generally important are these apoptotic pathways? Keeping in mind the possible problems of compensation caspase will contain a CARD domain. Alternatively, it is possible that CARD-containing adaptor proteins bridge and redundancy, knockout studies are beginning to give us a new respect for the executioner and its compoApaf1 to other procaspases. In any case, there are additional apoptosomes waiting to be uncovered. nents. The effect of targeted disruption of Apaf1 is perhaps the most dramatic (Cecconi et al., 1998 , and YoDial "M" for Mitochondria: Why Aren't These Cells Dead? shida et al., 1998 [both in this issue of Cell]). In these mice, defects are found in essentially all tissues whose
One should expect that a knockout of a gene that encodes one of the central elements of the executioner development depends on cell death, including loss of the interdigital webs, formation of the palate, control of should manifest as cell survival. But a problem emerges when one considers that triggers of the apoptotic proneural cell number, and development of the lens and retina. Unless additional mechanisms for Apaf1 activacess presumably target mitochondria for cytochrome c release, prior to any involvement of Apaf1, caspase-9, tion exist that have not been identified, these results suggest that these developmental cell deaths are also or caspase-3 (Figure 1 ). The result is the disruption of electron transport, generation of reactive oxygen spedependent on mitochondrial release of cytochrome c.
Interestingly, however, some forms of apoptosis were cies, and release of cytochrome c to trigger apoptotic events. In the absence of Apaf1, caspase-9, or caspartially or completely intact in these mice. Fas-mediated apoptosis is fully functional in T cells (Yoshida et pase-3, why doesn't the cell die in a caspase-independent fashion, due to the disruption of mitochondrial al., 1998) although it may be partially lost in embryonic fibroblasts (Cecconi et al., 1998) , consistent with the function? First, it is not certain that this isn't the case. Although possible role of Bid/mitochondrial signaling through Apaf1 in the latter but not the former. Cell death induced the cells of the interdigital webs do not die on schedule in the Apaf1 knockouts, they do apparently die one or by glucocorticoids, staurosporine, and other agents was still partially intact in the absence of Apaf1, and where two days later (Cecconi et al., 1998) . Similarly, the resistance to cell death in Apaf1 Ϫ/Ϫ cells was only examined examined this appeared to be apoptosis.
It is formally possible that this remaining Apaf1-indein a short (24 hr) time frame; subsequent caspase-independent death might take longer. However, although alpendent apoptosis is via death receptor signaling, since a number of recent studies have shown that cellular ternative Apaf1-independent apoptotic pathways might be engaged later, it does not appear that cells are comstress can induce expression of death ligands (e.g., Fasligand) and subsequent apoptosis (Kasibhatla et al., mitted to die by the apoptosis-related mitochondrial changes that precede the involvement of Apaf1. 1998). However, it seems more likely that other undiscovered Apaf1-like molecules maintain apoptotic reExperimental evidence supports the idea that cell death can proceed in the absence of caspases. While sponses in these cases.
Caspase knockouts are also extremely interesting, caspase inhibitors block the apoptotic phenotype, death in cell lines nevertheless proceeds when induced by a although here the picture is made much more complicated by the number of different caspases. Little or variety of agents or conditions (Green and Reed, 1998) . Thus, the cells are committed to die even before casno effect on apoptosis was observed upon targeted disruption of caspase-1, -2 (Bergeron et al., 1998) , or pases become active. An exception is cell death induced by ligation of death receptors; in this case the commit--11 (Wang et al., 1998) although knockouts of caspase-1 and -11 did have profound effects on cytokine ment is dependent on caspases, and inhibitors therefore maintain cell viability. (e.g., IL-1) processing. Of course this does not rule out roles for these caspases in some forms of apoptosis,
The mitochondrial PT that accompanies apoptosis in many cases is a major candidate mechanism for cassince others may perform redundant functions.
In contrast, the knockouts of caspase-3 and -9 (Hapase-independent death. While PT can occur in the absence of active caspases, in many cases it appears to be kem et Kuida et al., 1998) had profound developmental effects, especially in the brain. Cells from caspase dependent, even when cytochrome c release is not (Bossy-Wetzel et al., 1998) . Activated Bid was found these animals displayed resistance to a number of forms of apoptosis as well. The relative importance of these to be capable of inducing cytochrome c release from mitochondria without a loss of mitochondrial transmemtwo caspases was elegantly examined in different cells under different conditions (Hakem et al., 1998) , and the brane potential (Luo et al., 1998) . Similarly, procaspase-9 Ϫ/Ϫ cells could be stimulated to release cytochrome c results illustrate the complexities of these interactions, in that one or both of these caspases may be essential without a detectable PT (Hakem et al., 1998) . The possible role of a reversible PT is not excluded. in a given setting but not in others.
